The thermochemistry of the carbon clusters C n (n=2-10) has been revisited by means of W4 theory and W3.2lite theory. Particularly the larger clusters exhibit very pronounced post-CCSD(T) correlation effects. Despite this, our best calculated total atomization energies agree surprisingly well with 1991 estimates obtained from scaled CCD(ST)/6-31G* data. Accurately reproducing the small singlet-triplet splitting in C 2 requires inclusion of connected quintuple and sextuple excitations. Post-CCSD(T) correlation effects in C 4 stabilize the linear form. Linear/cyclic equilibria in C 6 , C 8 , and C 10 are not strongly affected by connected quadruples, but they are affected by higher-order triples, which favor polyacetylenic rings but disfavor cumulenic ones.
isoenergetic with the chain [15, 16] , the C 8 ring is polyacetylenic and exhibits both bond length and bond angle alternation (C 4h symmetry), and larger C 4n rings were predicted [17] to generally have polyacetylenic C (2n)h structures. At some point for high 4n + 2, Peierls distortion will set in: this issue has been discussed and reviewed at length in Ref. [3] .
Thermochemistry was addressed in a number of theoretical and experimental studies. RB applied an empirical scaling factor of 1.1 to their CCD(ST)/6-31G* atomization energies, which they derived from the ratio between their calculated values and Knudsen effusion measurements by Drowart et al.(DBDI) [18] for C 2 through C 5 . Since the DBDI values for C 4 and C 5 were third-law extrapolations based on very crude estimates of the molecular constants, the scaled estimates of RB were biased upwards, and the scaling factor required downward revision to 1.082 [19] . Later, new measurements by Gingerich and coworkers [20] became available, which also covered C 6 and C 7 . Subsequently, Martin and Taylor (MT2) [21] proposed revised estimates based on CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ calculations with empirical basis set incompleteness corrections.
Both computational chemistry in general, and computational thermochemistry in particular, have come a long way since this time. In particular, our group recently developed a post-CCSD(T) computational thermochemistry protocol known as W4 theory [22] , which exhibits an RMSD deviation from experiment (Active Thermochemical Tables, ATcT[23] , values) of just 0.08 kcal/mol, implying a 95% confidence interval of just 0.16 kcal/mol. The purpose of the present paper is to furnish the best thermochemistry for the lower C n clusters feasible with current technology.
Carbon clusters are among the manifold research interests of Prof. Henry F. Schaefer III [24, 25, 26, 27, 28] , who is being honored by the present issue.
II. COMPUTATIONAL METHODS
The self consistent field (SCF), ROCCSD and ROCCSD(T) calculations [29] were carried out using version 2006.1 of the Molpro program system [30] . All single-point post-CCSD(T) calculations were carried out using an OpenMP-parallel version of Mihály Kállay's general coupled cluster code MRCC [31] interfaced to the Austin-Mainz-Budapest version of the ACES II program system [32] . The diagonal Born-Oppenheimer correction (DBOC) calculations were carried out using the Austin-Mainz-Budapest version of the ACES II 3 program system as well as using PSI3 [33] .
For the lower-cost methods W2.2 and W3.2lite we used reference geometries optimized at the B3LYP/cc-pVTZ level of theory, while for the more rigorous methods W3.2, W4lite, and W4 we used CCSD(T)/cc-pVQZ reference geometries. The optimized geometries are summarized in Table I. For the large scale SCF, CCSD, CCSD(T), and post-CCSD(T) single point calculations,
we employed the cc-pVnZ basis set [34] . In core-valence correlation calculations, the core-valence weighted correlation consistent basis sets of Peterson and Dunning were employed [35] . Scalar relativistic calculations were carried out using the Pacific Northwest National Laboratory (PNNL) Douglas-Kroll-Hess relativistically contracted correlation basis sets [36] .
The ROHF-SCF contribution is extrapolated using the Karton-Martin [37] modification of Jensen's extrapolation formula. [38] All other extrapolations are carried out using the A + B/L α two-point extrapolation formula (where L is the highest angular momentum present in the basis set). The ROCCSD valence contribution is partitioned into singlet-pair energies, triplet-pair energies andT 1 terms. [39] The singlet-and triplet-pair energies are extrapolated with α S =3 and α T =5, respectively, while theT 1 term (which exhibits very weak basis set dependence) is simply set equal to that in the largest basis set. All other extrapolations are carried out with α =3. [22, 40] The Wn family of methods W1, W2.2, W3.2lite, W3.2, W4lite, and W4 used in the present study provide a sequence of converging computational thermochemistry protocols.
A detailed description and rationalization of the Wn protocols is given elsewhere. [22, 41, 42, 43, 44] For the purpose of the present paper we use the Wnh variants of the Wn methods, in which the diffuse functions are omitted from carbon and less electronegative elements [42] .
(For the present all-carbon systems, this approximation is of no thermochemical consequence, but computer resource requirements are substantially reduced.) In W4h theory the SCF and valence CCSD contributions to the TAE are extrapolated from cc-pV5Z and cc-pV6Z basis sets, and the valence parenthetical triples (T) contribution from cc-pVQZ and cc-pV5Z basis sets. The higher-order connected triples,T 3 −(T), valence correlation contribution is extrapolated from the cc-pVDZ and cc-pVTZ basis sets. As for the connected quadruple,T 4 , term-the (Q) and T 4 −(Q) corrections are calculated with the cc-pVTZ and cc-pVDZ basis sets, respectively, both scaled by 1.1. This formula offers a very reliable as well as fairly 4 cost-effective estimate of the basis set limitT 4 contribution. [22, 40] TheT 5 contribution is calculated using the sp part of the cc-pVDZ basis set, denoted cc-pVDZ(no d). The CCSD(T) inner-shell contributions are extrapolated from cc-pwCVnZ basis sets (n =T, Q). is a more reliable basis set limit for the CCSD(T) part; (e) the only improvement in W4
relative to W4lite is a more rigorous account for connected quadruple and higher excitations.
All density functional results were obtained by means of a locally modified version of Gaussian 03 [46] .
III. RESULTS AND DISCUSSION
Diagnostics for the importance of nondynamical correlation can be found in Table II .
These include the T 1 and D 1 diagnostics [47, 48] , the largest T 2 amplitudes at the CCSD/ccpVTZ level, the HOMO and LUMO natural orbital occupations at the same level, and percentages of the total atomization energy accounted for at the SCF level, by parenthetical triples (shown elsewhere [22] to be a more reliable predictor of the importance of post-CCSD(T) correlation effects than any other diagnostic), and by post-CCSD(T) correlation effects. Perusing both Tables III and IV, it becomes evident that higher-order correlation effects wax increasingly more prominent as n goes up. This phenomenon is illustrated graphically in Figure 1 . For example, higher-order triples for C 9 reduce TAE by 6.4 kcal/mol, while connected quadruples will increase it by approximately 9.8 kcal/mol. While these two effects partially compensate each other, together this still amounts to an n-particle truncation error at the CCSD(T) level of about 3.4 kcal/mol. For comparison, the same effect is just 0.7 kcal/mol (W3.2lite) or 1.0 kcal/mol (W4) for C 3 , and 0.8 kcal/mol (W3.2lite) for C 6 .
Connected quintuples likewise increase in importance as n grows, reaching nearly 1 kJ/mol for C 5 (the largest system for which we were able to calculate their contribution 6 explicitly).
Interestingly enough, with the anomalous exception of C
), all molecules considered here have %TAE[(T)] diagnostics hovering in the 5% range, which indicates moderate but not severe nondynamical correlation [22] .
We also note that the very small linear-cyclic energy difference in C 4 has an appreciable post-CCSD(T) contribution: at the W4 level, higher-order connected triples and connected quadruples favor the linear structure by 0.5 and 0.4 kcal/mol, respectively. Likewise, in C 6 , higher-order triples favor the linear structure by 0.5 kcal/mol (W3.2) while connected quadruples only affect the equilibrium by 0.08 kcal/mol (favoring the ring). In polyacetylenic C 8 , however, higher-order triples favor the ring by 2 kcal/mol, while the effect of connected quadruples is nearly an order of magnitude smaller. This raises the question whether a general trend exists: higher-order triples favoring polyacetylenic rings over linear structures while favoring linear over cumulenic ring structures. Unfortunately, CCSDT calculations beyond C 8 are beyond our computational resources.
The equilibrium structure of the C 10 ring displays clear angle alternation. It was previously noted[6] that the barrier towards the D 10h saddle point is very small, and there has been some speculation (e.g., Ref. [25, 54, 55, 56] ) that it might actually disappear at the basis set limit. Our calculated CCSD(T)/cc-pVTZ, CCSD(T)/cc-pVQZ(no g), and CCSD(T)/ccpVQZ barriers are 1.11, 0.48, and 0.33 kcal/mol, respectively. At the {Q,5} basis set limit at CCSD(T)/cc-pVQZ optimum geometries, the D 5h alternating-angles ring is 23.00 kcal/mol more stable at the SCF level than the D 10h saddle point. CCSD valence correlation lowers this by 18.37 kcal/mol to 4.63 kcal/mol, while parenthetical triples shave off yet another 4.32 kcal/mol. These components add up to a basis set limit CCSD(T) deformation energy of 0.30 kcal/mol. MP2, as expected [6, 17] , grossly favors the more symmetric structure,and SCS-MP2/cc-pVQZ [57] is unable to overcome this bias, reaching -26.75 kcal/mol for the isomerization energy. At the SCS-CCSD/cc-pVQZ [58] level, however, +0.15 kcal/mol is obtained, slightly increasing to 0.18 kcal/mol at the SCS-CCSD/cc-pV5Z//CCSD(T)/ccpVQZ level. These numbers are as close to the CCSD(T) answer as one can reasonably hope.
Notwithstanding the above, the calculated B3LYP/cc-pVTZ zero-point vibrational energy of the saddle point is about 1 kcal/mol smaller than for the D 5h minimum. This implies that the vibrationally averaged structure will have D 10h symmetry even at 0 K.
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Inner-shell correlation contributions become fairly hefty for the larger clusters, reaching 12.6 kcal/mol for C 10 . For the linear C n clusters, these contributions scale almost perfectly linearly with n. For C 6 , C 8 , and C 10 , inner-shell correlation systematically favors the cyclic structures: the somewhat anomalous bicyclic C 4 structure does not follow this trend.
It was earlier noted by RB, for the linear clusters, that the reactions 2C n →C n+2 +C n−2 are nearly thermoneutral at their level of theory. We do find the same to be the case at the W3.2lite level: however, relative to the (quite small) overall reaction energies, the post-CCSD(T) contributions are still non-negligible. If we assume that those reaction energies are converged at the W3.2lite level (which is probably justified to 0.5 kcal/mol, and certainly to 1 kcal/mol), we can obtain extrapolated W4 atomization energies for species heavier than C 5 (the practical limit for full W4 calculations with the presently available hardware). Our best estimates are presented in Table V .
Perhaps the most striking feature of these numbers is the outstanding agreement between our best calculated TAE 0 values for the linear clusters and the earlier, empirically scaled, data of MFG. Indeed, it is hard to believe that these latter rudimentary estimates -blissfully ignorant of higher-order correlation effects, inner-shell correlation, etc. -capture so much of the thermochemistry in these systems. We note that this scaling is not transferable to the rings, for which the MFG estimates are clearly too low.
Our best values agree reasonably well with the available measured data of Gingerich and coworkers [20] , considering the size of the uncertainties on the latter -although generally the calculated values are near the upper edges of the experimental error bars.
Inspection of Table III also suggests (not surprisingly) that as n increases, the C n atomization energies at the W3.2lite level are progressively greater overestimates compared to the estimated W4 numbers.
In conjunction with the ATcT revised heat of formation of carbon atom[23] (c) ,
.06±0.026 kcal/mol, we can offer the following revised heats of formation at 0 K:
) 412.33, and C 10 ( 1 A 1 ) 345.01 kcal/mol. noticeably better ones than G3B3 -despite several qualitatively wrong reference geometries and spurious imaginary frequencies at the levels of theory used in G3 for reference geometries (MP2/6-31G*) and ZPVEs (HF/6-31G*), respectively. We believe the apparently better performance of G3 to be due to error compensation. CBS-QB3 clearly outperforms G3B3:
in addition, it errs on the 'right' side -underestimating the best values, consistent with CCSD(T) limits. The unrealistically small linear-cyclic difference calculated for C 8 is something of a 'clinker' on the part of CBS-QB3, however. One statement we can confidently make is that, for these systems too, G4 clearly outperforms the other members of the Gn series. Performance of G4(MP2), which actually does include a CCSD(T)/6-31G(d) step but considers basis set extension effects at the MP2 level only, is considerably degraded relative to G4, rather more so than generally seen [64] . This is not surprising in light of the poor performance of MP2 for the present systems. (and the C 10 ring) are also eliminated, RMSDs drop sharply almost across the board. Long cumulenic chains are expected to be a 'torture test' for any DFT method.
This becomes especially clear for the double hybrids. Near the basis set limit, RMSD
for the reduced set of systems actually reaches the 2 kcal/mol range that can generally be expected for functionals like B2GP-PLYP [99] . For the long chains, however, severe overestimates set in. We note that these systems have increasingly narrower HOMO-LUMO gaps, and that [101] they have exceptionally large electron affinities for large n. It is perhaps not overly surprising that systems that put even post-CCSD(T) methods severely to the test (and, for instance, have connected quadruples contributions that climb to 10 kcal/mol for C 9 ) would be beyond the reach of double hybrids, let alone conventional DFT functionals.
In terms of singlet-triplet equilibria, as noted earlier, [102] shortcomings of conventional DFT functionals (and particularly 'kinetics' functionals) are exacerbated by a natural bias of hybrid functionals towards high-spin states. This issue is mitigated by the MP2-like correlation in double hybrids.
IV. CONCLUSIONS
The thermochemistry of the carbon clusters C n (n=2-10) has been revisited by means of W4 theory and W3.2lite theory. Particularly the larger clusters exhibit very pronounced post-CCSD(T) correlation effects. Despite this, our best calculated total atomization energies agree surprisingly well with 1991 estimates obtained from scaled CCD(ST)/6-31G* data. Accurately reproducing the small singlet-triplet splitting in C 2 requires inclusion of connected quintuple and sextuple excitations. Post-CCSD(T) correlation effects in C 4 stabilize the linear form. Linear/cyclic equilibria in C 6 , C 8 , and C 10 are not strongly affected by connected quadruples, but they are affected by higher-order triples, which favor polyacetylenic rings but disfavor cumulenic ones. Near the basis set limit, C 10 does undergo bond angle alternation in the bottom-of-the-well structure, although it is expected to be absent in the vibrationally averaged structure. The thermochemistry of these systems, and particularly the longer linear chains, is a particularly difficult test for density functional methods. Particularly for the smaller chains and the rings, double-hybrid functionals clearly outperform convential DFT functionals for these systems. Among compound thermochemistry schemes, G4 clearly outperforms the other members of the Gn family. Our best estimates for total atomization energies at 0 K are: (a) Fixed reference geometry used for consistency with earlier post-W4 work [40] . Actual CCSD(T)/cc-pVQZ bond distance is 1.2458Å. W4 TAEe at that geometry is 143.87 kcal/mol, just 0.01 kcal/mol higher than at 1.24Å. a Percentages of the total atomization energy relate to nonrelativistic, clamped-nuclei values with inner shell electrons constrained to be doubly occupied (C 2 -C 5 from W4 theory, C 6 and C 7 from W3.2 theory, C 8 and C 9 from W3.2lite theory, C 10 from W2.2 theory). 
b The zero-point vibrational energies for C 3 −C 10 are B3LYP/pc-2 scaled by 0.985.
c Ref. [20] .
d From ωe/2 − ωexe/4, with ωe and ωexe taken from Ref. [52] . i Estimated by assuming that the 2C 6 →C 8 +C 4 reaction energy remains unchanged at the W3.2lite and W3.2 levels.
j Estimated by assuming that the 3C 5 →C 9 +2C 3 reaction energy remains unchanged at the W3.2lite and post-W3.2lite levels.
k Estimated by assuming that the 2C 8 →C 10 +C 6 reaction energy remains unchanged at the W2.2 and W3.2lite levels. 
[67] C 2 ( 1 Σ + g ) W4.4 theory; C 2 ( 3 Π u ) W4.3 theory; C 3 -C 5 W4 theory; C 
